The removal or reduction in concentration of auxin is often a successful method for obtaining morphogenesis in cell cultures of higher plants, such as carrot, but not for soybean. For this reason, the metabolism of one auxin, 2,4-dichlorophenoxyacetic acid (2,4-D), was compared in both carrot and soybean cels. Whereas soybean cells conjugated a high percentage of their 2,4-D to amino acids, carrot cells contained primarily free 2,4-D.
Procedures for the regeneration of many plants from cell culture are described in the literature (18, 26) . Unfortunately, the reliable and abundant regeneration of certain agronomically important crop plants, such as soybean (Glycine max), remains elusive.
In this laboratory, the wild carrot, Daucus carota, has been used as a model to study the biochemical events leading to the regeneration of plants from cell culture. One commonly employed method for obtaining embryoids from suspension cultures of carrot is to shift the cells from a medium containing 2,4-D to one without 2,4-D (13, 14) . The removal or reduction in concentration of auxin is often an effective method for obtaining morphogenesis in other plant systems as well (1, 2, 4, 19, 20, 22, 23, (28) (29) (30) . Therefore, it is reasonable to suspect that the metabolism of 2,4-D and other auxins might be involved in the regeneration process.
In this paper, we compare the metabolism of 2,4-D in highly regenerable carrot cells and in nonregenerable soybean cells.
Substantial differences between the two cell types are demonstrated and the possible relationship of these differences to regeneration is discussed.
MATERIALS AND METHODS
Maintenance of Cell Cultures. Carrot and soybean cells were routinely maintained in liquid suspension in B5 medium as described by Gamborg et al. (11) . The carrot cells were obtained from D. Dougall (W. Alton Jones Cell Science Center) and the soybean cells were obtained from callus initiated from hypocotyl tissue of 7-day-old seedlings grown from seed purchased through Wilkins Seed Grain Co., Pontiac, IL. The carrot cells were subcultured every 3.5 days at 15 mg fresh weight/ml into B5 containing 0.1 ppm 2,4-D, and the soybean cells were subcultured every 7 days into B5 containing 2 ppm 2,4-D.
Analysis of 2,4-D Metabolites. Cell extraction and metabolite analysis was according to Feung et al. (7) and Hamilton et al. (15) . Samples of about 0.5 g fresh weight were collected by filtration, frozen, and homogenized in 5 ml 95% ethanol at 70 C using a Potter-Elvehjem tissue grinder. The homogenate plus 5 ml 80%o
ethanol (70 C) used to rinse the mortar was extracted for 10 min at 70 C. Following low speed centrifugation (200g, 5 min), the supernatant was removed and the pellet was reextracted with 5 ml 80%7b ethanol at 70 C. The centrifugation and pellet extraction were repeated as before until 25 ml total ethanol extract were collected.
The ethanol fractions (pH 6) were concentrated in vacuo to a volume of less than 2 ml. Water was used to remove the concentrate from the sides of the rotary evaporatory flasks. The volume was increased to 5 ml and the pH of the concentrate was lowered to 3 using several drops of 3 N H3PO4. The acidic solution was extracted with 5 ml diethyl ether. The ether layer was removed and the aqueous fraction was re-extracted with 5 ml ether. Four ether extractions of 5 ml each were sufficient to remove ethersoluble radioactivity. The various fractions were monitored for radioactivity using Insta-Gel (Packard Co.) liquid scintillation cocktail. Appropriate quench corrections were computed so that all percentages are percentages of numbers of dpm.
Chromatography was used to identify the metabolites present in the ether fraction. All identifications were based solely on cochromatography. Aliquots of medium were also extracted with ether and chromatographed. Both silica gel thin-layer plates and Whatman No. 1 paper were used. They were developed with isopropanol:ammonia:H20 (8:1:1, v/v) or with n-butanol:ethanol: 3 N ammonia (4:1:5, v:v), respectively. Labeled metabolites were located using a fl-camera radiochromatogram scanner (Beta Camera model 6000, Baird Atomic) and quantitated by liquid scintillation. Organochloro compounds were located on the chromatograms by spraying with a chromogenic reagent prepared by dissolving 1.7 g AgNO3 in 5 ml H20, adding 20 ml 2-phenoxyethanol, and diluting to 200 ml with acetone. 2,4-D Uptake Assays. Suspension cultures were sieved through a 864-nm pore size filter to achieve a uniform, finely suspended cell culture with a minimum of cell clumps and large aggregates.
Both the stock inoculum and reaction mixtures were preincubated in a reciprocating water-bath shaker maintained at 30 C. Assays were usually initiated by the addition of 3 ml inoculum to 12 ml reaction mixture in 50-ml plastic disposable centrifuge tubes. The final inoculum density of the assays was usually 20 (5, 7, 8) .
Using the protocol employed for obtaining carrot embryogenesis in suspension culture rather than in callus culture, these same principal metabolites were found in the present study. Carrot or soybean cells (Wayne or Dare varieties) were grown in B5 medium containing [14CJ2,4-D for 3 days, and then they were extracted and the extracts were chromatographed. Although the complete composition of each fraction was not determined, Table I shows that Figure 1 as (8, 17) . As suggested by Leguay and Gem (17) , this phenomenon may be due to the rapid attainment ofan equilibrium of internal and external 2,4-D followed by a slow steady rate of uptake as the 2,4-D is metabolized.
Because of these preliminary findings, very short time courses were used to study 2,4-D uptake here, (Fig. 2) . Soybean cells were supplied with ['4C]2,4-D at various concentrations and the uptake of label was monitored over a 4-min period. Note that the time course of uptake rapidly became nonlinear, especially at the higher 2,4-D concentrations. Approximations to linearity were obtained by determining the very early uptake rates, however, and results of such approximations are plotted in Figure 3A (for soybean cells) and in Figure 3B To determine whether a time-dependent process might be involved in the slow release of 2,4-D from soybean cells, a series of experiments similar to studies of Rubery (21) were carried out.
Soybean or carrot cells were exposed to [14C]2,4-D for a 10-min period, and then the cells were placed in 2,4-D-free medium and efflux was monitored. The results from three different variations of this basic protocol are presented in Figure 4 . In Figure 4A , the cells were placed in 2,4-D-free medium for 2 days prior to exposure to [14C]2,4-D. In Figure 4B , no such period of time in 2,4-D-free medium was used prior to exposure to label. In Figure 4C , the cells were washed thoroughly with an excess of unlabeled 2,4-D prior to the determination of efflux.
Regardless of the details of the protocols, the results in all three cases were essentially the same. Uptake of 2,4-D was rapid initially and then slowed (see also Fig. 2 ). Upon transfer to 2,4-D-free medium, efflux was very rapid from both carrot and soybean cells. Both cell types released most of the label within 10 min. This is in decided contrast to the results obtained for soybean cells plotted in Figure 1 . There, the time-course labeling was much longer (3 days), which allowed metabolic conversion (Table I) Table II shows that carrot cells retained the radiolabel primarily as free 2,4-D throughout the 72-h time course, although there was an increasing amount of 2,4-D-amino acid conjugate formed with time (8% at 72 h). This increasing percentage of conjugation was much more apparent in the case ofthe soybean cells, however. For soybean cells, relatively little conjugate (13%) was found at I h, whereas 58% of the ethersoluble radioactivity was found as conjugate at 72 h. In this regard, Davidonis et al. (3) showed that the amount of 2,4-D metabolites formed was a function of the age of soybean callus cells. Interestingly, conjugation is a time-dependent process in whole plants as well (16) and clearly varies in different species (24, 25) . Recalling that the results from Figure 4 were obtained after only 10 min labeling, it is unlikely that much 2,4-D was conjugated during that short time. Since conjugation appears to be a time-dependent process, it could account for the slow release of 2,4-D from soybean cells after long-term exposure to the hormone.
Loss Figure 5 . In this experiment, the soybean cells released radiolabel more rapidly than in the experiment of Figure 1 . Still, a higher percentage was retained than was usually retained by carrot cells. Most of the loss of intracellular 2,4-D could be accounted for as loss of free 2,4-D, which declined by 88% during the first h after inoculation. In contrast, the 2,4-D-amino acid conjugates decreased by only 18% during the first h. The kinetics indicate that some 2,4-D-amino acid conjugate might have been converted to free 2,4-D with time.
It appears that the content of free 2,4-D may well determine the rate of 2,4-D release. Conjugation of 2,4-D to amino acids seems to inhibit its release, perhaps because only free 2,4-D can escape from the cells into the medium, as indicated by the chromatographic analysis of the "2,4-D-free" medium discussed above. Free 2,4-D seems to be released from soybean cells as rapidly as it is released from carrot cells (Fig. 4) . 2,4-D-amino acid conjugates have been shown to possess auxin activity (9) , although it is difficult to show unequivocally that this activity does not arise from the enzymic hydrolysis of the conjugates to free 2,4-D. Nonetheless, the retention of active auxin, either in the form of 2,4-D or its conjugates, would probably be inhibitory to subsequent soybean morphogenesis, based on data from the carrot model and from the literature (10, 12, 17, 27) . The differences in 2,4-D metabolism between species might be paralleled by differences-in IAA metabolism as well. If the conjugation of 2,4-D is the actual block to [14CJ2,4-D release, the inhibition of conjugation might lead to rapid release of radiolabel. Moreover, rapid release might in turn lead to soybean embryogenesis, if retention of auxin is the principal block to this process and the failure to differentiate is not the result of other factors. In a subsequent paper, the effects of various compounds on 2,4-D conjugation and release in soybean cells will be examined.
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